This study outlines numerical experiments to investigate the effects of hydrocarbon generation, basal heat flow and sediment compaction on overpressure development in evolving sedimentary basins. The model integrates predicted groundwater flow and temperature and pressure distribution with thermal maturation simulations. The programme uses the Arrhenius kinetic model to simulate the kerogen-oil or oil-gas conversion processes. Such conversion processes result in an increase in fluid volume and overpressure development since oil and gas generated are less dense than their precursors. The model integrates an equation of state to calculate gas densities for the CH 4 -CO 2 -H 2 O system over a wide temperaturepressure (T-P) range expected in sedimentary basins; this approach allows for prediction of the rate of pore volume increases and fluid pressure changes due to gas generation. Sample calculations of compaction of kerogen-rich shales in the Delaware Basin shed light on the magnitudes of overpressures created by hydrocarbon generation from the Late Pennsylvanian to Middle Permian. Oil generation can cause excess pore pressure (c. 425 atm) up to c. 40% of that generated by compaction only (c. 300 atm). Oil and CH 4 gas generation together yield the maximum excess pressure (c. 750 atm) up to about 150% of that generated by compaction only. There is much greater pore pressure build-up from oil to CH 4 conversion (c. 325 atm) than oil to CO 2 conversion (c. 75 atm) because density of CH 4 gas is less than that of CO 2 under the same P and T conditions. Sensitivity analyses also show that lower activation energy and higher pre-exponential factor lead to faster thermal cracking that allows oil or gas to reach peak generation earlier. Moreover, a basin experiencing a high heat flow throughout the burial history reaches hydrocarbon generation and overpressure development earlier. Calculation results also show that the oil and gas windows become deeper as the sedimentation rate increases. Thus, a basin experiencing high sedimentation rates would exhibit higher levels of thermal maturity and excess pore pressure over the deeper section. This also implies that greater overpressure may be expected at shallower depths in a basin with relatively low sedimentation rates. The modelling results demonstrate that kinetic parameters, basal heat flow and sedimentation rates all influence the timing, duration and depth of oil and gas generation, which in turn, profoundly affects the spatial and temporal distribution of overpressure.
INTRODUCTION
Many low-permeability sedimentary strata are characterized by elevated pore fluid pressures that are much greater than the hydrostatic pressures. There is considerable interest in understanding the origin of overpressures in sedimentary basins because the presence of geopressured fluids represents a major hazard for well blowout during drilling. Overpressures can influence basin fluid migration strongly and thus play an important role in creating ore deposits and localizing petroleum reservoirs (e.g. Bethke 1989; Lee & Williams 2000) .
Various dynamic mechanisms have been proposed for generating overpressures in sedimentary basins, including disequilibrium compaction (Bethke 1986; Shi & Wang 1986) , tectonic collision (Ge & Garven 1992) , aquathermal expansion (Sharp 1983) , clay dehydration (Burst 1969) , gravity flow (Toth 1962; Lee & Bethke 1994; Wolf et al. 2005) , gas capillary seals (Revil et al. 1998; Lee & Deming 2002) and hydrocarbon generation (Luo & Vasseur 1996; Lee & Williams 2000) . In old, mature basins abnormal pressure cannot be maintained by dynamic processes like compaction, aquathermal expansion or clay mineral transformation. Hydrocarbon generation, which involves the conversion of solid kerogen into liquid oil and then into gas, is considered to be an important geopressuring mechanism in tectonically stable basins. The role of hydrocarbon generation on overpressuring has been explored quantitatively by several workers (Barker 1990; Forbes et al. 1992; Luo & Vasseur 1996) . Most of these studies used simplified fluid state models or assumed constant fluid density to calculate the volume increases during kerogen-oil or oil-gas conversion. In this study, the equation of state (EOS) for the CH 4 -CO 2 -H 2 O gas system (Duan et al. 1992 ) over a wide temperature-pressure (T-P) range was incorporated into a transient hydrology model Basin2 (Bethke et al. 1993 ) that calculates flow velocities, temperature and pressure distribution in evolving sedimentary basins. The EOS is chosen on the basis of its ability to predict accurately the variations in gas density within the desired temperature and pressure range in sedimentary basins.
Sediment compaction and thermal maturation of oil and gas during the deposition of a shale sediment column is simulated. Special attention is given to (1) the relative contribution of disequilibrium compaction, oil generation and gas generation on overpressure build-up; and (2) the effects of kinetic parameters, basal heat flow and sedimentation rates on hydrocarbon generation and overpressure development. The purpose of constructing numerical models is to quantify the timing, duration and magnitude of overpressure development in various geological conditions. In field applications, the numerical model is applied to investigate how hydrocarbon generation helps maintain overpressure in the tectonically stable Delaware Basin, where there has been insignificant sedimentation and compaction for the last 250 Ma. The results of this modelling study stress the importance of considering oil and gas generation in evaluating the evolution of overpressure and fluid migration in sedimentary basins.
NUMERICAL MODEL OF OVERPRESSURING BY GAS GENERATION

Model of hydrocarbon generation
Oil and gas generation may contribute to the development of significant overpressure in sedimentary basins. The overpressuring processes can be simulated by integrating thermal maturation models with hydrological models that predict temperature and pressure distribution in evolving sedimentary basins. The Arrhenius model (e.g. Lewan 1985; Tissot et al. 1987 ) was used to quantify the oil or gas generated as a fraction of the source bed's capability, calculating the rate constant k (in h 1 ) using a simple equation:
Here A g is the pre-exponential factor (h 1 ), E A is the activation energy (KJ mol 1 ), R is the gas constant (8.31432 J K 1 mol 1 ) and T k is the absolute temperature (K). Integrating the first-order rate law obtains the extent of gas generation:
expressed as a fraction X g (dimensionless, ranging from 0 to 1) of the oil's capacity for generating gas. According to the Arrhenius equation, the extent of gas generation depends on the activation energy E A and the pre-exponential factor A g . Kinetic parameters differ among the various types of kerogen or oils found in source rocks (Quigley et al. 1987; Braun & Burnham 1992; Pepper & Corvi 1995; Dieckmann et al. 1998 ).
Such differences indicate that the timing, duration and rate of hydrocarbon generation (and thus overpressure generation) is not the same for all source rocks. The conversion of oil to gas (CH 4 or CO 2 ) will result in an increase in fluid volume because the liquid oil is generally denser than the gas. The rate of volume generation q c (h 1 ) per unit porous media is given by:
here o and g are the density of oil and gas, respectively. Gas generation will destroy liquid oil, which counteracts gas generation in producing excess fluid volume. The rate of oil destruction per unit porous media is:
Combining two effects, the net volume change of fluid phases per unit porous media is given by
Kerogen-oil conversion processes can be simulated using a similar set of equations (see Bredehoeft et al. 1994; Lee & Williams 2000) . In the fluid flow model, the effects of oil and gas generation are included as fluid source terms (q kerogen oil and q oil gas ) in the governing equation:
Equation (6), modified from Bethke (1989) , can be used to calculate the net pressure change resulting from various hydrologic and geological processes. The first two terms on the right-hand side of equation (6) describe the migration of fluid away from the source beds. The third term describes compaction (pore collapse) and the fourth term accounts for aquathermal expansion. The last two terms account for oil and gas generation. The flow away from the source beds acts to dissipate the pressure build-up in rocks. Therefore, the net pressure change depends on (1) rate of compaction (sedimentation), (2) rate of aquathermal expansion, (3) rate of hydrocarbon generation and (4) the permeability of the reservoir and confining rocks.
Gas density calculations: an equation-of-state (EOS) approach
The gas volume or gas density over a wide T-P range (0-1000 C and 0-8000 atm) can be evaluated by the equation of state (Duan et al. 1992) :
where 
Empirical parameters a 1 -a 12 , , , , T c , and P c in EOS for gases CO 2 , CH 4 and H 2 O are compiled by Duan et al. (1992) . T c is the critical temperature above which a gas cannot be liquefied by an increase of pressure. P c is the least applied pressure required at the critical temperature to liquefy a gas. V c is the volume of a fixed mass of fluid at T c and P c . Given calculated T and P in a basin's strata, T r and P r can be calculated from equations (10)-(11). The reduced volume V r in the non-linear equation (7) can be solved by the well-known Newton method (Carnahan et al. 1969) . In this method, one first makes an initial guess V r (0) as the solution for
The deviation from the right-hand side of the equation (i.e. 0) is the residual
The Newton's method iteratively improves the solution V r by projecting the tangent to the residual function R to zero. The tangent or the slope of the residual function of EOS is
The correction V r at any iteration q is
The estimated solution with the correction at the next iteration step q +1 is
The iteration continues until the residual is within a small tolerance. Once the iteration process locates a real root V r , the molar volume V can be calculated by
Finally, the density of gas at various P-T conditions is given by
where mm is the molar mass (the number of grams in one mole of a substance) of gas. Figure 1 shows the calculated density of CH 4 and CO 2 gases as a function of temperature and pressure.
According to the EOS model, gas density decreases with increasing temperature but increases with increasing pressure. The density of CH 4 gas is generally less than that of CO 2 under the same T-P conditions. The density of gas is less than that of liquid oil in sedimentary environments, thus oil-gas conversion could cause a shortage of pore space, which, in turn, leads to pore pressure increases. For instance, if liquid oil has a density of 0.90 g cm 3 and the generated gas has a density of 0.45 g cm 3 , then there is an approximately 50% increase in volume. The equation of state provides a smooth and accurate calculation of gas density in the range of temperature and pressure of interest.
NUMERICAL CASE STUDIES Geopressuring from compaction and hydrocarbon generation
A 1-D transient model is used to demonstrate how disequilibrium compaction and hydrocarbon generation act together to generate overpressure with time. The numerical models simulate the deposition and compaction of a 10 km thick shale at a uniform rate of 1 mm a 1 over a period of 10 Ma. The permeability of shale is set to 10 6 D. The pre-exponential factor A o and the activation energy E o of oil generation in the shale are set to 6.15 10 16 h 1 and 218 KJ mol 1 , respectively, similar to those of the Devonian Woodford Shale (Lewan 1985) , a significant source of oil in the Permian Basin. The basal heat flow conducted into the sediment pile is set to a constant value of 1 HFU (or 10 6 cal cm 2 s 1 ). The values of A g and E g of gas generation are set arbitrarily to 4 10 9 h 1 and 200 KJ mol 1 , respectively. As the shale is deposited, new sediments add load on the underlying strata, causing the shale to compact. Because shale is too impermeable to allow fluid to be expelled rapidly enough to allow normal compaction, pressures in the shale develop significantly in excess of hydrostatic. Figure 2a shows how the calculated oil and CH 4 gas generation (as a volume fraction of capacity) at the deepest nodal point in the shale evolves through time. The deepest source beds generated oil between 6 Ma and 7 Ma and subsequently reached the gas window between 5 Ma and 4 Ma. Simulations show that overpressures increase significantly during oil and gas generation. Oil and gas generation together can cause excess pressure up to about 40% of that generated by compaction only. Figure 2b shows the depth range for oil (3-4 km) and gas (6-7 km) generation and corresponding overpressures at the end of sediment deposition. Overpressure increases significantly over the entire range of oil and gas windows in time ( Fig. 2a ) and in space (Fig. 2b) .
Influence of reaction kinetics on hydrocarbon generation
Different types of organic matter are characterized by different reaction kinetics, which have a profound effect on the timing of oil and gas generation. Sensitivity analyses explored how variations in activation energy and pre-exponential factor may affect gas cracking and pressure evolution. In the first three sets of numerical experiments, the values of activation energy for oil-gas conversion are set to 165, 200 and 235 KJ mol 1 and the pre-exponential factor is held constant at 4 10 9 h 1 . Figure 3a shows how the calculated maturation indices (as fraction of oil or gas generation) at the deepest nodal point in the basin evolve through time, assuming various E g values. Different values of activation energy form a broad range of gas generation window and different organic matter reaches peak gas generation at different points in geological time. Oil with a lower E g value reaches peak generation first. The analyses also show that an increase in pre-exponential factor would create a similar effect that causes oil to reach peak gas generation earlier (Fig. 3b) . The predicted duration of gas generation window could vary with the choice of kinetic parameters. Higher activation energy and lower pre-exponential factor lead to slow thermal cracking (equation (1)) that can last longer. In summary, both activation energy and pre-exponential factor could influence the timing and duration of hydrocarbon generation strongly, which, in turn, profoundly affects the 'overpressure clock'. The results stress the importance of considering oil and gas generation in evaluating the evolution of overpressure in sedimentary basins.
Influence of heat flow and sedimentation rates on overpressuring
This section considers how basal heat flow and sedimentation rates affect thermal maturation and overpressure development during the deposition of a 10 km thick shale over 10 Ma (sedimentation rate of 1 mm a 1 ). The simulations described in Figure 2 are repeated using different basal heat flow values of 1, Fig. 2. (a) Calculated evolution of overpressure (thick curve) and thermal maturity at the deepest nodal point in a basin accepting continuous sedimentation of 10 km shale. Thermal maturation is expressed as fraction of oil generation (dash-dot curve) and gas generation (thin solid curve). (b) Overpressure and thermal maturity vs. depth profiles after deposition of 10 km of shale. Predicted overpressure evolution assuming compaction only is shown as a dashed line.
1.5 and 2 HFU. Figure 4 shows how the calculated maturation indices (fraction of oil and gas generation) and overpressure at the deepest nodal point evolve though time. The results show that a basin experiencing a high heat flow (2 HFU) reaches peak oil or gas generation earlier. An earlier episode of thermal maturation also leads to higher excess pore pressures developed during the early stage of sedimentation. Interestingly, the excess pore pressures generated at the end of sedimentation are only slightly higher in the high heat flow run (1440 atm) than in the low heat flow run (1400 atm) since both systems have reached their full capacity for generating oil and gas.
The calculation for the deposition of a 10 km thick shale is repeated assuming different sedimentation rates of 0.1, 1 and 10 mm a 1 . The basin has a constant heat flow of 1 HFU in all simulations. The predicted depth intervals of oil and gas generation are shallower at lower sedimentation rates (Fig. 5a ) because sediments spend a longer time (and are thus more thermally mature) at the same depth interval. This explains why at lower sedimentation rates sediments reach higher levels of thermal maturity and exhibit greater excess pore pressure (Fig.  5a ) at a depth of less than c. 6 km (Fig. 5b) . The excess pore pressure in the basin with low sedimentation rate (0.1 mm a 1 ) levels off quite noticeably at a depth >6 km, or near the lower limit of the calculated position of the gas window. With increasing sedimentation rates, the overpressure zone extends further downward because the oil and gas windows are positioned over the deeper section. The differing amounts of compaction observed in these simulations explain why the curves in Figure 5b extend from the surface to varying depths. At the lower sedimentation rate of 0.1 mm a 1 , the 10 km of uncompacted sediment reduces to a thickness of about 9 km after compaction. The same amount of sediment assumes thickness greater than 9 km at higher sedimentation rates of 1 mm a 1 and 10 mm a 1 as overpressures prevent normal compaction at greater depth. The calculation results also show that as the sedimentation rates increases from 0.1 mm a 1 to 10 mm a 1 , the maximum overpressure at the deepest nodal point increases from about 960 atm to 1500 atm. Fig. 3 . Calculated evolution of thermal maturity at the deepest nodal point in a basin accepting continuous sedimentation of 10 km shale. Thermal maturation is expressed as fraction of oil generation (solid curve) and gas generation (dashed curves). Various dashed curves show results of runs assuming (a) different activation energy E g and (b) different pre-exponential factor A g for gas generation. 
Hydrocarbon generation and overpressure development in the Permian Basin
The effects of hydrocarbon generation and sediment compaction on fluid flow and overpressure development within the Permian Basin were simulated. Data from 30 wells were used to reconstruct the hydrostratigraphy (Fig. 6) used in the simulations. The study area includes the Delaware Basin and the Central Basin Platform (CBP) and extends about 116 miles (185 km) across west Texas and southeastern New Mexico. The Permian Basin subsided through most of the Palaeozoic and accumulated a sedimentary succession more than 7 km thick. Ordovician through Mississippian strata consist mainly of thick carbonate and shale. In the Pennsylvanian, continental collision resulted in crustal block movement along high-angle faults formed earlier in the Precambrian rifting phase. This crustal block movement created two areas of subsidence and an uplifted zone within the basin (Hills 1984; Ross 1986 (Hentz & Henry 1989; Hill 1996) . The hydrostratigraphic units of the Permian Basin in the calculations are composed of sandstones, shales, carbonates and evaporites. General hydrologic properties for each rock type, such as porosity and permeability, were assigned to represent best the transport characteristics of each strata during burial and compaction. The correlations for porosity and permeability of all rock types (Table 1) are taken from representative data from the intracratonic basins (Bethke et al. 1993 ). In the numerical simulations, a low-permeability (10 11 D) pressure seal overlying the Wolfcamp Shale is included to minimize the dissipation of overpressures. Luo et al. (1994) speculated that sealing capability of rocks overlying the overpressure Wolfcamp Shale may be enhanced by calcite cementation. Including such a pressure seal allows for quantification of the maximum overpressures created by dynamic processes of compaction and hydrocarbon generation. The bottom of the cross-section is set to be a no-flow boundary to reflect the low permeability Precambrian basement rocks. For all rock types, both the horizontal and vertical thermal conductivity (K T , in cal cm 1 s 1 C 1 ) are calculated according to the following correlation to porosity
which is taken from the data of Sclater & Christie (1980) for North Sea sediments. Kinetic parameters determined for the Woodford Shale (Lewan 1985) were used to calculate the fraction of oil and gas generated through time. Different models of the hydrologic evolution were simulated to determine the relative contributions of sediment compaction, oil and gas generation to the development of overpressure within the Permian Basin through most of the Palaeozoic. The models account for overpressure generated by (1) sediment compaction only, (2) both sediment compaction and oil generation, (3) the combined effects of compaction, oil generation and the generation of CO 2 gas and (4) the combined effects of compaction, oil generation and the generation of CH 4 gas. Figure 7 shows the predicted flow field and overpressure distribution in the Delaware Basin and eastern CBP near the end of the rapid sedimentation during the late Permian. The predicted overpressures created by compaction alone reach 350 atm above hydrostatic near the deposition centre in the eastern Delaware Basin. The magnitude of overpressure decreases toward the basins margins along the western Delaware Basin and CBP. The large pressure gradients provide the driving mechanism for basin-wide fluid migration. The model shows that fluids drain directly from the overpressured shales into the overlying carrier beds and continuously migrate westward into the western Delaware Basin or eastward toward the CBP. Oils from reservoirs in the CBP and western Delaware Basin can be correlated geochemically to those from source beds of the overpressured shales in the eastern Delaware Basin (Hansom 2004) . Such close correlations indicate long-distance fluid migration across the basin. Figure 8 shows how overpressure in the deep Mississippian strata of the eastern Delaware Basin evolves through geological time, as calculated for the different scenarios of pressure generation. The timing of oil and gas generation coincides with a period of active sedimentation and temperature increases during the Permian. Simulations considering compaction only and compaction with oil generation create maximum overpressures of 300 atm and 425 atm, respectively. Simulations adding CO 2 and CH 4 gas generation show even more pronounced increases in overpressures from the Late Pennsylvanian to the Middle Permian, up to 475 atm and 750 atm, respectively. Because the density of CH 4 gas is less than that of CO 2 under the same P and T conditions (Fig. 1) , there is greater volume increase or pore pressure build-up from oil to CH 4 conversion. Hydrocarbon generation could significantly increase the magnitude of overpressure generated and extend the time period for which overpressures can be sustained or preserved. The numerical model developed in this study provides a powerful tool to evaluate quantitatively the development and preservation of overpressure in evolving sedimentary basins. CONCLUSIONS Quantitative modelling of hydrocarbon generation and sediment compaction and their influence on pore pressure evolution is difficult because reliable prediction of pressure, temperature and fluid properties over a large range in evolving sedimentary basins is a considerable challenge. The integration of a basin hydrology model with the equation of state allows accurate quantification of gas density over predicted T-P range, which facilitates the assessment of the effect of thermal maturation on overpressuring. The modelling results show that overpressuring from hydrocarbon generation and sediment compaction is a transient phenomenon. The evolution of overpressuring is influenced strongly by several factors, including maturation kinetics, oil and gas type, and geological characteristics (e.g. basal heat flow, sedimentation rates, etc.). Different values of activation energy form a broad range of hydrocarbon generation windows, indicating that different organic matter reaches peak generation at different points in geological time. Lower activation energy and a higher preexponential factor lead to faster thermal cracking and an early episode of oil and gas generation.
The sensitivity analyses show that a basin experiencing a high heat flow reaches peak generation earlier, which, in turn, leads to higher excess pore pressures during its early burial history. Although the basal heat flow can control the onset or timing of the overpressure clock, it has little influence on the magnitude of excess pore pressure generated at the end of sedimentation when the source bed reaches its full capacity of hydrocarbon generation. Moreover, simulations show that, as the sedimentation rate increases, the oil and gas windows become deeper and the same amount of sediment assumes greater thickness after compaction. With increasing sedimentation rates and greater burial depths, the overpressure zone extends further downward where the oil and gas windows are positioned.
The modelling applications in the Delaware Basin show that oil and CH 4 gas generation can cause excess pore pressure up to c. 40% and 110%, respectively, of that generated by compaction only. Overpressure conditions in tectonically stable basins may be sustained by hydrocarbon generation over substantial periods of geological time. Numerical modelling demonstrates that hydrocarbon generation has a significant influence on the spatial and temporal distribution of overpressure in sedimentary basins.
